/calmodulin may provide a mechanism by Zagotta and Siegelbaum, 1996). Intracellular cGMP for feedback modulation of cone phototransduction (Reconcentrations are relatively high in the dark, causing brik and Korenbrot, 1998). tonic activation of these channels and a steady transVisual system function is also regulated by long-term membrane cation flux known as the dark current. Light processes, that is, changes in structure, physiology, and causes a fall in intracellular cGMP, closure of these biochemistry, that take place over time scales of hours to channels, and membrane hyperpolarization. cGMPdays. This includes regulation by intrinsic retinal circadian gated channels are therefore an essential component oscillators (reviewed by Cahill and Besharse, 1995). Circaof the mechanism that couples photon absorption by dian oscillators are biological clocks with a period of close vertebrate visual pigments to changes in photoreceptor to 24 hr (circa dian) that regulates a host of biochemical, membrane potential, neurotransmitter release, and subphysiological, and behavioral processes, including visequent neural processing.
Introduction modulin is quite small (Hackos and Korenbrot, 1997) or is undetectable (Haynes and Stotz, 1997) and does not Vertebrate phototransduction is mediated by a G-profully mimic the endogenous modulation that occurs after tein-coupled cascade that results in changes in the gating patch excision (Rebrik and Korenbrot, 1998) . It has been of cyclic GMP (cGMP)-gated cationic channels expressed suggested that a molecule that is related to but not at high density in photoreceptor outer segments (reviewed identical to Ca 2ϩ /calmodulin may provide a mechanism by Zagotta and Siegelbaum, 1996) . Intracellular cGMP for feedback modulation of cone phototransduction (Reconcentrations are relatively high in the dark, causing brik and Korenbrot, 1998). tonic activation of these channels and a steady transVisual system function is also regulated by long-term membrane cation flux known as the dark current. Light processes, that is, changes in structure, physiology, and causes a fall in intracellular cGMP, closure of these biochemistry, that take place over time scales of hours to channels, and membrane hyperpolarization. cGMPdays. This includes regulation by intrinsic retinal circadian gated channels are therefore an essential component oscillators (reviewed by Cahill and Besharse, 1995) . Circaof the mechanism that couples photon absorption by dian oscillators are biological clocks with a period of close vertebrate visual pigments to changes in photoreceptor to 24 hr (circa dian) that regulates a host of biochemical, membrane potential, neurotransmitter release, and subphysiological, and behavioral processes, including visequent neural processing.
sual system function in a wide range of species. CircaThe gating of photoreceptor cGMP-gated channels dian oscillators provide a mechanism for visual systems can be modulated by multiple processes, including dito anticipate the large daily changes in ambient illuminarect phosphorylation of the channel molecules and bindtion and thereby initiate more sustained adaptive changes ing of Ca 2ϩ /calmodulin or related molecules. The physiothat entail changes in gene expression. logical significance of this modulation is unknown, but
The most extensively studied circadian output in verit has been proposed to contribute to adaptation (Rebrik tebrate retinal photoreceptors is the synthesis and seand Korenbrot, 1998) . Adaptation refers to a class of cretion of melatonin, which is controlled, at least in part, processes by which the sensitivity to light decreases in by oscillators located in the photoreceptors themselves proportion to an increase in background illumination, (Cahill and Besharse, 1993) . In addition, circadian oscilwhich allows ensembles of photoreceptors to detect the lators control several morphological features, including contrast between an object and its background over a retinomotor movements, disk shedding, and outer segwide range of ambient illumination intensities ( , 1993) . Circadian rhythms in cell structure where S(f) is power as a function of frequency, S(0) is the extrapolated power at frequency ϭ 0 Hz, f c is the and biochemistry are associated with changes in physifrequency at which power is S(0)/2, and is a time conological responses. For example, circadian oscillators stant defined as 1/2 f c and is related but not precisely control rod-cone dominance (Wang and Mangel, 1996;  equal to the mean open time (Anderson and Stevens, Manglapus et al., 1999), and the photoreceptor compo-1973). We consistently observed that the sum of two nents of the electroretinogram exhibit a circadian rhythm Lorentzian curves was necessary to provide adequate in several species, including birds (Lu et al., 1991; Manfits to the subtracted power spectra ( Figure 1D) On the 5th day of LD, channels of chick cones and examined their affinity for patches were excised from cones 4-7 hr after lights on activating ligand at different times of day. Chick retinal (ZT4-7) or 4-7 hr after lights off (ZT16-19), and cGMP cells were dissociated at embryonic day 6 (E6) and were concentration-response curves were generated immemaintained in cell culture for 5 days. Considerably more diately after patch excision, fitted with the Hill equation than half of the cells growing under these conditions ( Figure 2A ). The mean K D for cGMP varied with the time exhibit cone morphology; that is, the cells are elongated of day at which patches were excised and was signifiand bipolar, with one or more prominent oil droplets cantly (p Ͻ 0.001) greater during the day than during located at the end of the soma ( Figure 1A The circadian oscillator that controls the properties out patches were made every six hours. A significantly (p Ͻ 0.001) lower affinity (higher K D ) for cGMP was obof cGMP-gated channels can be entrained in ovo. In these experiments, E6 eggs were allowed to develop in served during the middle of the subjective day (ZT4-7) in photoreceptors free running on the 2nd day of DD two incubators equipped with lights and timers such that entraining LD 12:12 cycles were 12 hr antiphase.
( Figure 3A ). In contrast, the Hill coefficient for channel activation (n) did not vary as a function of the time of On the 5th day, E11 retinae were excised from embryos developing in both chambers, dissociated at the same day in photoreceptors maintained on LD 12:12 (data not shown) or on the 2nd day of DD ( Figure 3B ) and was time, and maintained in vitro in DD. Recordings were made at ZT4-7 and ZT16-19 on the 2nd day of DD from similar to values reported previously for cloned chick cone-type, cGMP-gated channel ␣ subunits (Bonigk et photoreceptors. As with cells entrained in vitro, mean K D obtained immediately after patch excision was signifial., 1996). Moreover, there was no difference in the maximum currents or mean patch capacitance at different cantly (p Ͻ 0.0001) greater during the subjective day than the subjective night ( Figure 2D ). Thus, embryonic times of day, and in a series of separate experiments, we observed that mean patch capacitance (data not chick photoreceptors can be entrained in ovo, and cell dissociation does not cause major disruptions in enshown). Taken together, these results demonstrate that a retinal circadian oscillator regulates the apparent affintrainment. ity of cGMP-gated channels for their activating ligand, after patch excision, but only in recordings made during the subjective day ( Figure 3C ). In contrast, the K D for but does not regulate binding stoichiometry or produce an acute effect on the density of functional plasma memchannel activation remained stationary when patches were excised during the subjective night ( Figure 3C ). brane channels.
Previous studies have shown that rod-type cGMPIn these experiments, the first cGMP concentrationresponse curves were constructed immediately after gated channels exhibit increases in apparent ligand affinity with time after patch excision because of changes patch excision ( Figure 4B ). In the in ovo experiments, E6 eggs were placed in incubators and exposed to LD 12:12 for 5 days followed by 2 days of DD. For in vitro experiments, retinae were dissociated at E6 and were cultured under LD 12:12 for 4 days followed by 2 days of DD. The activity of diphosphorylated Erk was examined at various times on the 2nd day of DD by immunoblot analysis. We observed a greater ratio of diphosphorylated Erk (the active form of the enzyme) to total Erk during the middle of the subjective night than the subjective day in cells developing in ovo ( Figure 4A On the other hand, if rhythms in Erk activity play a role in regulating cGMP-gated channels, then perturbation of these rhythms would be expected to alter the gating behavior of these channels. This hypothesis also predicts larger effects on channel gating at times of day when Erk activity is normally high. In order to test this hypothesis, cultured retinal photoreceptors were entrained to LD 12:12 for 4 days in vitro and then switched to DD. On the 2nd day of DD, cells were treated at ZT3 or ZT15 with 50 M PD98059, a selective inhibitor of MEK1, the enzyme required for phosphorylation and activation of Erk in most signaling pathways (Alessi et al., 1995). Inside-out patch recordings were made after 1.5-2.0 hr of drug treatment. Treatment with PD98059 caused channels to exhibit a lower ligand affinity compared with controls (p Ͻ 0.001) when the drug was applied during the subjective night (ZT16-17), but not when PD98059 was applied during the subjective day (ZT4-5; Figure 4C ). Direct biochemical evidence for the efficacy of PD98059 is presented later in this article. PD98059 had no effect on maximum response amplitude, Hill slope, or other properties of cGMP-gated channels (data not shown). Treatment with vehicle control (saline containing 0.5% dimethyl sulfoxide [DMSO]) had no effect Figure 5C ). The inactive analog KN-92 had no effect on channel gating at either time of day. The two structurally distinct CaMKII inhibitors and their inactive analog had no effect on maximum response amplitude, Hill slope, or other properties of cGMP-gated channels. Taken together, these data suggest that CaMKII is part of the circadian output pathway that leads to modulation of cGMP-gated channels in cones.
Do Erk MAP kinase and CaMKII interact in chick cone photoreceptors? In order to test this hypothesis, retinal photoreceptors were entrained to LD 12:12 for 5 days in ovo, dissociated, and cultured in DD. On the 2nd day of DD, cells were treated at ZT3 and ZT15 with the CaMKII inhibitor KN-93 (10 M), the inactive analog KN-92 (10 M), the MEK1 inhibitor PD98059 (50 M), or 0.5% DMSO (a vehicle control for PD98059) (Figure 6 ). Cells were harvested 1.5-2.0 hr after drug treatment and were used for immunoblot analysis of Erk and CaMKII phosphorylation. Treatment with the CaMKII inhibitor KN-93 eliminated the daytime increase in CaMKII phosphorylation and caused a marked reduction in CaMKII phosphorylation at both times of day. However, this inhibitor had no effect on the circadian rhythm in Erk phosphorylation ( Figure 6A ). As expected, the inactive analog KN-92 had no effect on either protein kinase at either time of day. In contrast, treatment with the MEK1 inhibitor PD98059 virtually eliminated Erk phosphorylation at both times of day and also blocked the daytime increase in CaMKII phosphorylation such that circadian rhythms in this enzyme could no longer be detected. Phosphorylated CaMKII was detectable but present at low levels at both times of day in PD98058-treated cells, that is, at levels comparable to those observed during the nighttime in vehicle-treated control cells ( Figure 6B ). These results suggest that the circadian rhythm of Erk activity drives a rhythm in CaMKII activity such that the maximum activities of these enzymes are in antiphase. Consistent with these biochemical data, inhibitors of these kinase pathways exert opposing effects on channel-gating behavior. the mean K D during the nighttime was increased to levels normally (C) Inhibition of Erk signaling during the subjective night, but not observed during the subjective day. PD98059 treatment had no during the subjective day, alters the affinity of cGMP-gated channels effect during the subjective day.
Discussion
In this study, we have demonstrated that cGMP-gated cationic channels of chick cones exhibit a circadian rhythm in affinity for their activating ligand. The apparent affinity of the channels for cGMP is substantially higher during the subjective night than during the subjective day in photoreceptors maintained on LD 12:12 cycles, as well as in photoreceptors free running on the 2nd day of DD after entrainment to LD 12:12. These changes occur when photoreceptors are entrained either in ovo or in vitro, do not represent direct effects of light, and clearly entail posttranslational modifications of the channel molecules. The phosphorylation of two different signaling enzymes, Erk MAP kinase and the ␣ subunit of CaMKII, also shows a circadian rhythm in chick photoreceptors such that Erk phosphorylation is several-fold greater during the subjective night, whereas CaMKII ␣ subunit phosphorylation is several-fold greater during the subjective day. Because these enzymes are active only when phosphorylated, these data suggest that the peak activities of Erk and CaMKII are approximately antiphase throughout the circadian cycle in retinal photoreceptors. Consistent with these observations, inhibition of Erk signaling during the subjective night (when Erk phosphorylation is maximal) causes the channels to move from their normal high-affinity state to a low-affinity state characteristic of the subjective day. Inhibition of Erk signaling during the day has no effect on channel gating. Conversely, inhibition of CaMKII signaling during the subjective day, when this enzyme is maximally active, causes the channels to move from a low-affinity state to the high-affinity state more typically seen during the nighttime. Inhibition of CaMKII signaling during the nighttime has no effect on channel gating behavior.
These data are consistent with a model in which both Erk and CaMKII are components of the output pathway leading from the core circadian oscillator to the cGMPgated channels ( Figure 7A ). This diagram shows CaMKII downstream from Erk, which is based on the observation that acute inhibition of Erk signaling abolishes the daytime increase in CaMKII phosphorylation, thereby causing this enzyme to remain in its nighttime state throughout the day. In contrast, inhibition of CaMKII has no effect on the Erk phosphorylation rhythm. It bears noting that the number of steps that intervene between the core circadian oscillator, Erk, and CaMKII is not known. However, because the peak activities of these enzymes Figure 7B , assuming that of clock regulation of channel gating on cone photore-K N ϭ 30 M and K D ϭ 50 M. These calculations predict sponses without a knowledge of a number of other parameters that could themselves be under circadian cona substantially greater dark current during the subjective jective day (Michel et al., 1993) . In chick pineal photoreceptors, a clock-regulated cationic channel known as I LOT is active during the subjective night but not during the subjective day (D'Souza and . Mammalian suprachiasmatic nucleus neurons show an increase in spontaneous firing during the subjective day that is associated with an increase in resting input resistance (Jiang et al., 1997) , although the ionic channels that mediate this effect have not been identified. None of the steps between the circadian clock and the changes in channel gating have been identified in these systems. In the present study, it is clear that clock regulation of cone cGMP-gated channels entails posttranslational modification of the channel molecules, proteins that interact with channel molecules, or both.
We ] tial medium supplemented with 10% heat-inactivated horse serum, 2 mM glutamine, 50 U/ml penicillin, 50 g/ml streptomycin, and or as the sum of two Lorentzians. IV curves were generated as 40 ng/ml recombinant rat ciliary neurotrophic factor. Cell culture described previously (Dryer and Henderson, 1991) . All statistical incubators (39ЊC and 5% CO 2 ) were equipped with lights and timers, analyses were carried out using Statistica software (Statsoft, Tulsa, which allowed for entrainment of retinal circadian oscillators in vitro, OK) and consisted of Student's unpaired t test or one-way analysis as described previously for studies of chick pineal cells (D'Souza of variance followed by Tukey's post hoc test for unbalanced n and . Sister cultures were maintained in two separate (when comparisons were made between multiple independent incubator chambers in which LD cycles were 12 hr antiphase so that groups). Throughout, p Ͻ 0.05 was regarded as significant. recordings from cells at different clock phases could be interleaved. 
